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Aged rats: Sex differences and responses to chronic
stress
Rachel E. Bowman, Neil J. Maclusky, Samantha E. Diaz, Mark C. Zrull, and Victoria N.
Luine

ABSTRACT
Cognitive, as well as physiological, sex differences exist in young adult rats under both basal
conditions and following chronic stress; however, few studies have examined whether sex
differences remain in aged subjects and whether responses to stress are altered. We compared
aged male and female Fischer 344 rats (21.5 months at testing) without stress and when given
21 days of restraint for 6 h/day on locomotion, anxiety-related behaviors, object recognition
(non-spatial memory), object placement (spatial memory), body weight and serum steroid
hormone levels. Control (unstressed) females had lower levels of estradiol and testosterone and
higher corticosterone than males, and stress had no lasting effect on hormone concentrations.
Females weighed less than males and showed less weight loss with stress. Locomotion
measures on an open field were similar in the sexes and unaffected by stress. Anxiety-related
behavior measures on the field showed that males were generally more anxious and that stress
increased male, but decreased, female anxiety-related behaviors. In memory testing,
exploration of objects was not different between the sexes, with or without stress, while stress
increased exploration in both sexes during object recognition trials. Both males and females,
regardless of treatment, discriminated between old and new objects at short, but not long, intertrial delays. The typical advantage of young males for spatial memory performance was not
observed in aged subjects on the object placement tasks. Stress-dependent enhancements in
females and impairments in males for object placement are reported for young rats, but in aged
rats, neither sex was altered by stress. Current data suggest that aging is associated with
changes in the pattern of sex differences present in young adult rats in some behaviors and in
the behavioral responses to stress.

INTRODUCTION
It is generally well accepted that males outperform females on cognitive tasks that require the
use of spatial learning and memory. These cognitive sex differences have been observed in
humans (Astur et al., 2004; Driscoll et al., 2005; Sanders et al., 1982), non-human primates
(Lacreuse et al., 2005) and rodents (Bucci et al., 1995, Gresack and Frick, 2003, Perrot-Sinal et
al., 1996, Roof and Havens, 1992 and Williams et al., 1990). Spatial learning and memory is
highly dependent on hippocampal functioning (McNaughton et al., 1989 and O'Keefe and
Dostrovsy, 1971), and the better performance by males has been shown on a variety of
behavioral paradigms that utilize visuo-spatial cues including the Y-maze (Conrad et al., 2003),
radial arm maze (Roof, 1993 and Williams et al., 1990), Morris water maze (Roof, 1993 and
Kitraki et al., 2004) and the object placement (Beck and Luine, 2002).
Interestingly, sex differences in cognitive function are altered in young adult rats following stress
exposure. In general, short periods of stress are adaptive and longer periods of stress can be
maladaptive to young adult male rats on both spatial and non-spatial learning and memory
paradigms (Beck and Luine, 2002, Conrad et al., 1996, Conrad et al., 2003, Kitraki et al., 2004,
Luine et al., 1994, McLay et al., 1998 and Mizoguchi et al., 2000). Young adult female rats are
more resistant than males to the impairing effects of stress, demonstrating enhanced
performance on the same task/test that males showed cognitive impairment (Bowman et al.,
2001, Bowman et al., 2002, Conrad et al., 2003 and Kitraki et al., 2004). For example, following
chronic restraint stress (6 h/day, 21 days), males are impaired, but stressed females
demonstrate enhanced performance as compared to their control counterparts on the radial arm
maze (Bowman et al., 2001), the Y-maze (Conrad et al., 2003), object placement (Beck and
Luine, 2002) and the Morris water maze (Kitraki et al., 2004). Importantly, the apparent female
resistance to chronic stress effects on both spatial and non-spatial cognitive tasks appears to be
influenced by both organizational and activational influences of estrogen (Bowman et al., 2002
and Conrad et al., 2003).
The normal aging process is associated with profound physiologic changes including declines in
cognitive functioning and alterations in hypothalamic–pituitary–adrenocortical (HPA) axis activity
in response to stressful events. Most work on cognitive alterations in aged animals has focused
on the hippocampus, and declines in spatial performance have consistently been reported
(Barnes, 1988 and Gallagher and Pelleymounter, 1988). Impairments in spatial memory have
been associated with changes in hippocampal morphology and plasticity in aged animals (for a
review, see McEwen, 1999, 2001). Age-related changes are also observed in the response to
stress experiences by the hypothalamic–pituitary–adrenocortical (HPA) axis. Aged rats
generally show higher basal levels of corticosterone and a delay in termination of secretion
following stress exposure (Bodnoff et al., 1995).
Central to both cognitive changes and HPA functioning in aged animals is the hippocampus.
The hippocampus is involved in various aspects of learning and memory, has the highest
density of glucocorticoid (GC) receptors in the brain and is involved in the regulation of the HPA
and in behavioral responses to stress. Furthermore, the hippocampus is vulnerable to the aging
process and undergoes decreases in neuronal density in response to heightened HPA activity

during aging (Issa et al., 1990; for a review, see Sapolsky, 1999). Estrogen-induced synaptic
plasticity in the hippocampus is also altered during aging, and aged females lack the increased
spine density observed in young females in response to estrogen treatment (Adams et al., 2001
and Adams et al., 2002). Thus, the hippocampus provides an ideal model for studying cognitive
functioning under both basal conditions as well as the neurobiological effects of increased levels
of GC associated with stress.
While age-related changes in rodent cognitive functioning are well documented (Luine and
Hearns, 1990, Luine et al., 1990, Nicholson et al., 2004 and Shukitt-Hale et al., 2004), most
work has focused on males and little attention has been paid to whether typical sex differences
in spatial memory persist in aged animals. There is a surprising lack of research into the effects
of chronic stress on behavior and cognitive functioning in aged rodents, particularly with regard
to possible sex differences. In summary, under non-stressed conditions, young rodents show
several behavioral sex differences such as males showing better performance of spatial
memory tasks (Gresack and Frick, 2003, Roof and Havens, 1992 and Williams et al., 1990) and
greater anxiety-related behavioral levels (Beck and Luine, 2002, Bowman et al., 2004 and
Wilson et al., 2004). In addition, chronic restraint stress elicits many sex-specific responses with
regard to brain morphology (Galea et al., 1997), central neurotransmitter levels (Beck and
Luine, 2002; for a review, see Bowman et al., 2003) and cognitive functioning (for a review, see
Bowman, 2005) in young adult rats. The purpose of the current experiment was to examine
whether these sex-dependent behavioral differences and responses to stress persist in aged
animals when the hippocampus is vulnerable to insult (McEwen, 2002 and Small et al., 2004),
gonadal steroid levels have fallen (Chen et al., 1994, LeFevre and McClintock, 1988 and Luo et
al., 2005) and HPA activity is enhanced (Herman et al., 2001).

RESULTS
Body Weights
Body weights for all subjects, across the 21-day stress period, are shown in Fig. 1. A significant
difference was observed between males and females, with the males weighing more than the
females (F1,161 = 668.35, p < 0.001). Stressed animals weighed less than controls (F1,161 = 8.06,
p < 0.007) (338.30 versus 360.44, stress and controls, respectively, data in grams). A main
effect of day (F1,161 = 189.93, p < 0.001) revealed that body weights decreased across the 21day period. In addition, there was a sex × day interaction (F1,161 = 35.75, p < 0.001), a
treatment × stress day interaction (F1,161 = 58.26, p < 0.001) and a sex × treatment × day effect
(F1,161 = 13.84, p < 0.001), and these results revealed that stressed males lost more weight than
control males across the 21-day period, but this weight loss effect was less pronounced in
stressed females compared to control females.

Fig. 1. Body weights for control and stress aged male and females across the 21-day stress
period. Body weight during the 21-day stress period was influenced by stress exposure in a sexdependent manner (sex × treatment × day F1,161 = 13.84, p < 0.001). Stress males gained less
weight than control males across the 21-day period, but this stress effect across stress duration
was less pronounced in stress females compared to controls.

Behavioral measures
Open field and anxiety-related behavioral indexes
As shown in Table 1, no significant group differences in overall locomotor activity were found as
indicated by either the number of outer sector crossings (p = 0.25) or the total number of sector
crossings (outer and inner visits combined, p = 0.17). While stressed females were slightly more
active (see Table 1), their mean activity scores were not significantly different than the other
groups. No group differences were observed with regard to the total number of rears or wall
climbs; however, overall, females made significantly more grooms than males (main effect of
sex, F1,35 = 4.42, p = 0.043). In addition, a significant sex × treatment interaction (F1,35 = 4.56,
p = 0.040) was found on the total number of inner sector visits, a measure of anxiety-related
behavior. As shown in Table 1, stress increased female inner sector visits (reduced anxiety) but
decreased male inner sector visits (increased anxiety).

Table 1. Summary of open field behavioral measures in control and chronically stressed aged
male and female rats
Group Outer visits Inner visits

Total visits Rears

Wall climbs Grooms

MCON 11.8 ± 1.9

1.90 ± 0.61 x 13.6 ± 2.2

1.4 ± 0.50

7.0 ± 1.4

5.4 ± 1.2

MSTR

11.5 ± 1.8

0.60 ± 0.22 x 12.1 ± 1.8

1.9 ± 0.82

6.4 ± 0.6

6.6 ± 0.81

FCON

12.0 ± 1.9

0.29 ± 0.18 x 12.3 ± 2.0

1.1 ± 0.83

6.9 ± 0.88

7.6 ± 0.95 a

FSTR

18.1 ± 3.6

1.70 ± 0.89 x 19.8 ± 4.4

0.55 ± 0.28 10.5 ± 1.4

8.0 ± 0.52 a

Entries are the mean ± SEM. A two-factor ANOVA (sex × stress treatment) with Fischer's LSD
post hoc testing was used to test for significant differences among the groups. No significant
group differences were observed in overall locomotor activity as measured by either the number
of outer sector crossings (p = 0.25) or the total number of sector crossings (outer and inner
crossings combined, p = 0.17). No significant effect of sex or stress treatment was observed on
rears or wall climbs (p ≥ 0.05); however, overall, females made more grooms than males (main
effect of sex, F1,35 = 4.42, p = 0.043). Using inner sector visits as a measure of anxiety, stress
decreased female but increased male anxiety (sex × treatment interaction, F1,35 = 4.56,
p = 0.040). Main effect of sex is shown as a, and the sex × treatment interactions is shown as x.

In addition to inner sector visits, anxiety-related behavior was measured by the latency to enter
the open field and the latency to approach a novel object. While not significant, trends in these
anxiety-related behaviors were altered in a sex-specific manner following stress exposure
similar to that observed on inner sector visits. Stress increased male latency to enter the field
(MCON = 141.6 ± 25.1, MSTR = 175.6 ± 4.4, data in s) but decreased female latencies
(FCON = 158.6 ± 21.4, FSTR = 123.6 ± 23.2, data in s, F1,35 = 2.87, p = 0.10). Group
differences in the latency to approach a novel object were present, but these differences did not
reach significance (p = 0.13). Previous exposure to stress had no effect on females
(FCON = 10.9 ± 5.2, FSTR = 11.0 ± 2.4, data in s); however, stress increased male latency to
approach the novel object (MSTR = 61.0 ± 26.0) compared to control males
(MCON = 13.1 ± 3.3) and females, regardless of treatment, F1,35 = 2.36, p = 0.13.

Object recognition
During the 10 min inter-trial delay, a two-way ANOVA (sex × treatment) revealed no significant
differences between males and females; however, stress effected the amount of time spent
exploring both during the sample trial (T1) and during the recognition trial (T2), see Fig. 2A.
During T1, stressed animals spent more time exploring the objects (5.42 s) than controls
(3.45 s), F1,31 = 3.94, p < 0.05. Stressed animals continue to explore more during T2, the
recognition trial (5.72 s), than controls (3.27 s), F1,29 = 8.13, p < 0.008. However, there were no
significant differences among the groups with regard to the percent of time spent with the old
versus new object (p = 0.31), and all groups had performance at or above chance levels of
discrimination during T2, see Fig. 2B.

Fig. 2. Stress exposure increases exploration time during a 10 min inter-trial object recognition
task. Panel A, data are expressed as seconds (mean ± SEM) spent exploring both objects for
each group during both the sample trial T1 (MCON = 8, MSTR = 7, FCON = 6, FSTR = 11) and
the recognition trial T2 (MCON = 8, MSTR = 6, FCON = 5, FSTR = 11). Group differences are
identified by the main effect of stress (b). Stress exerted an arousing effect on both males and

females by increasing the total time spent exploring the objects for stress animals during both
T1 (p = 0.05) and T2 (p = 0.01). In panel B, data are expressed as the percent of total T2 time
spent with the new object (mean ± SEM) for each group (MCON = 8, MSTR = 6, FCON = 5,
FSTR = 11). While there were no significant group differences, all animals performed at or
above chance levels indicating an ability to discriminate between the old and new objects.

Stress subjects continued to spend more time exploring the objects (stress = 6.08 s) during the
sample trial on the 1 h inter-trial delay trial as compared to controls (2.74 s), F1,31 = 7.25,
p = 0.011, see Fig. 3A. No significant effects of either sex (p = 0.14) or stress (p = 0.13) on total
exploration following the 1 h inter-trial delay (T2) were found, Fig. 3A. While none of the groups
successfully discriminated between the old and new objects during T2, there was a main effect
of stress on the discrimination index, F1,30 = 4.35, p = 0.046, and stressed animals spent more
time with the new object (47%) than controls (25%), see Fig. 3B. With a longer inter-trial delay
(2 h), no effects of sex, stress or interactions on performance were found in T1 or T2 (data not
shown).

Fig. 3. Stress, but not sex, alters performance on a 1 h inter-trial object recognition task. In
panel A, data are expressed as seconds (mean ± SEM) spent exploring for each group during
both the sample trial T1 (MCON = 7, MSTR = 9, FCON = 6, FSTR = 10) and the recognition trial
T2 (MCON = 7, MSTR = 9, FCON = 5, FSTR = 10). Group differences are identified by the main
effect of stress treatment (b). Stress increased exploration during T1 (p = 0.012, but not during
T2 (p = 0.13). In panel B, data are expressed as the percent of total T2 time spent with the new
object (mean ± SEM) for each group (MCON = 7, MSTR = 9, FCON = 5, FSTR = 10). None of
the groups spent significantly more than 50% of their time with the novel object, and this is
considered to be below chance levels of discrimination. Nonetheless, there was a main effect of
stress (b) and stress animals spent more time with the new object following a 1 h inter-trial delay
than the control animals (p = 0.046).

Object placement
For the 1 h inter-trial delay object placement task, exploration times during the sample trial T1
were longer in females (n = 17,
13 s) as compared to males (n = 18,
7 s), main effect of
sex (F1,34 = 10.5, p = 0.002). Initial exploration time (T1) was not influenced by stress exposure
(p = 0.59) or the sex by treatment interaction (p = 0.57). Exploration time following the 1 h intertrial delay T2 was not influenced by sex (p = 0.88), stress (p = 0.28) or the interaction (p = 0.35).
As measured by the discrimination ratio (Fig. 4), none of the groups was able to successfully
discriminate between the old and new locations. In fact, all groups spent less than 50% of their
time with the new location: MCON = 45% (n = 8), MSTR = 33% (n = 10), FCON = 45% (n = 7),
FSTR = 29% (n = 11).

Fig. 4. Aged male and female rats have impaired spatial memory performance on the object
placement task, and there is no sex difference. Data are expressed as the percent of total T2
time spent with the object in the new location (mean ± SEM) for each group (MCON = 8,
MSTR = 10, FCON = 7, FSTR = 11). None of the groups spent significantly more than 50% of
their time with the object in the new location, and this is considered to be below chance levels of
discrimination.

Hormone measurements
Serum levels of CORT, estradiol, and T were obtained at sacrifice, 10 days after the last
restraint session. Serum levels of CORT are shown in Fig. 5A. CORT levels were significantly
higher in females than males, main effect of sex (F1,31 = 4.7, p < 0.038), but no difference in
control and stress subjects. Serum levels of estradiol (E2) in the aged males and females are
shown in Fig. 5B. A significant effect of sex on E2 was observed (F1,31 = 9.3, p < 0.005), and
aged females, regardless of treatment, had lower levels of E2 than the males. Chronic stress
had no sustained effect on E2 levels in either males or females. Serum levels of T in the aged
males and females are shown in Fig. 5C. As expected, levels of T were substantially higher in

males than in females (main effect of sex, F1,31 = 31.48, p < 0.001). No significant enduring
effects of chronic stress (p > 0.05) on T levels were found in either males or females.

Fig. 5. Serum levels of CORT, estradiol and testosterone are influenced by sex, but not stress.
Entries are the mean ± SEM for each group for CORT (A), estradiol (B) and testosterone (C).
Group differences are identified by the main effect of sex (a). Aged females had higher levels of
serum CORT than males (p < 0.038). Aged males had higher levels of both serum estradiol
(p < 0.005) and testosterone (p < 0.001) than females.

DISCUSSION
Physiological measurements
Weight and hormone levels
Aged animals did not gain weight during the course of the study, and this result is consistent
with previous reports (Black et al., 2003), but different from results in young rats (e.g., Bowman
et al., 2001, 2002, 2004). Importantly, the current data provide novel information regarding body
weights across time in aged females, an area that has received little attention in the past. Aged
animals lost weight in response to stress in a similar fashion to that previously observed for
young animals (Bowman et al., 2001, Gregus et al., 2005 and Magarinos and McEwen, 1995),
that is weight loss is more pronounced in stress males than stress females. While the endocrine
underpinnings of this sex difference in weight alterations in response to stress remain to be
determined, possible mechanisms include higher levels of testosterone in males (Gabriel et al.,
1992) than females, an observation which persists even in aged rats.
The aged rats appeared to be relatively resistant to chronic stress in terms of enduring effects
on both CORT and gonadal steroid levels. As expected, chronic stress was not associated with
a significant increase in serum CORT levels 10 days after cessation of stress. These findings
are similar to past research with young animals which have demonstrated that stress-induced
CORT levels decline during the course of chronic restraint stress (Bowman et al., 2001 and
Galea et al., 1997) and are no longer present following behavioral testing (Bowman et al.,
2001). Thus, the delayed termination of stress response in aged animals that has previously
been reported (e.g., Bodnoff et al., 1995) appears to be temporally constrained and does not
extend to durations of 10 days post-stress. While sex differences in HPA activity as measured
by serum CORT levels have been widely examined in young adults, there are less data
concerning possible sex differences in aged animals and here we show that that aged females
continue to have elevated levels of CORT in comparison to aged males. It appears that sex
differences in HPA axis activity that are established following gonadal steroid exposure during
the organizational period (e.g., Patchev et al., 1995) are maintained in adulthood when the
activational influences of hormones on HPA activity have decreased.
Although previous studies in young animals have demonstrated a significant inhibitory effect of
chronic stress on circulating testosterone concentrations (Gao et al., 2002, Monder et al., 1994
and Orr and Mann, 1992) as long as 14 days following stress exposure (Hardy et al., 2002), no
significant effect of stress on gonadal steroid levels was observed. As expected, the levels of
estradiol in old females were relatively low, approximating the levels observed at the nadir of the
normal estrous cycle (Scharfman et al., 2003). Previous work has shown that, as female rats
age, they gradually lose the capacity to support estrous cycles and begin, at around 18 months
to 2 years of age, to exhibit persistent diestrus (for a review, see Hung et al., 2003). The
estradiol levels measured in the present group of aged females are consistent with these
previous findings. In old males, however, we observed surprisingly high serum estradiol
concentrations, approximately 12 pg/ml, twice those observed in females at the same age and
more than 4 times higher than the assay detection limit and close to the levels observed
normally in females during the early follicular phase of the estrous cycle (Edwards et al., 1999).

This results contrasts with gonadal hormone levels in young males, in which estradiol levels are
typically similar to those observed in anestrous females and close to the limit of sensitivity of the
assay used in this study (Edwards et al., 1999). The origin of the circulating estradiol detected in
old males remains to be established. Circumstantial evidence points to the possibility of
peripheral conversion of circulating testosterone. Thus, while stress did not significantly affect
levels of either testosterone or estradiol individually, the levels of both hormones tended to
decrease as might be expected if the estrogen was derived from peripheral metabolism of
androgen. In primates, fat represents a significant source of peripheral aromatase activity. As
rats age, they accumulate increasing amounts of body fat (Thomas et al., 2002). A reasonable
hypothesis, therefore, is that increased levels of circulating estradiol in aging male rats might
reflect rising levels of extragonadal aromatase activity.

Behavioral measurements
Anxiety-related behaviors and locomotion
Male and female anxiety-related behavioral levels and the effects of stress exposure on these
measurements in aged male and female rats presented in the current study are different from
those previously observed in young rats. Past research has demonstrated that young control
female rats are generally less anxious than young control males (e.g., latency to enter open
field, Beck and Luine, 2002; Bowman et al., 2004), however, exposure to chronic restraint stress
exerts anxiogenic effects on young females (increases entry latency), but anxiolytic effects on
young males (decreases entry latency) (Beck and Luine, 2002, Bowman et al., 2004 and Brown
and Grunberg, 1995). Thus, sexually differentiated chronic stress effects on anxiety-related
behavioral levels appear reversed during aging.
One possibility for the difference in stress effects for young vs. aged rats on anxiety-related
behavioral levels could be due to estrogen levels declining in females and increasing in males
with aging. While results have been mixed, estrogen has been shown to decrease anxietyrelated behavioral measures using the open field and the elevated plus maze (Bowman et al.,
2002, Mora et al., 1996 and Nomikos and Spyraki, 1988), and it is possible that as female
estrogen levels decline with aging there is an increase in overall anxiety-related behavioral
levels. Other mechanisms for sex-specific changes in anxiety-related behavioral responses to
stress in aged rats (e.g., CRH; Magiakou et al., 1997 and Steckler and Holsboer, 1999) may be
pertinent and require further investigation.
There were no group differences in overall activity, as measured by locomotor activity on the
open field. This result is similar to other reports that have not found changes in open field
activity levels following either repeated CORT injections or restraint stress (Bowman et al.,
2001; Brotto et al., 2001; Gregus et al., 2005). Thus, it is unlikely that any subsequent sex or
stress group differences on either the object recognition or object placement task are due to
differences in activity levels.

Object recognition
Young rats can successfully discriminate between the old and new objects with an object
recognition inter-trial delay of 4 h, and there is no sex difference in object recognition
performance (Beck and Luine, 2002 and Ennaceur and Agleton, 1997). Here, there was also no
observed sex difference in performance in 21.5-month-old aged rats. All groups appeared able
to discriminate between the old and new objects at the 10 min interval, and this result is similar
to previous reported results of intact novel object recognition in male and female aged mice
(Benice et al., 2006). However, performance dropped to below chance levels of discrimination
following the 1 h inter-trial delay. The longer inter-trial delay imposes greater cognitive demand
on the animal and, thus, while aged animals can generally discriminate following the short
delay, they cannot perform as well as young animals (who can discriminate at the 4 h inter-trial
delay). Notable also is the observation that, while object discrimination ability was impaired for
all groups following the 1 h inter-trial delay, there was a significant effect of stress exposure on
the discrimination index. Specifically, stress increased the percentage of time spent with the
new object (47%) almost double the percentage of time spent by controls (25%). Because aged
rats are known to have an increase in perseverative errors (Colombo and Gallagher, 1998), it
appears possible that the low index ratio of percent time spent with new object in controls (25%)
is indicative of perseveration for the familiar object. However, stress exposure appeared to
attenuate this perseveration effect, and similar results have been observed in young male and
female rats that spent less time with a familiar stimulus following acute stress (Shors and Wood,
1995).
Stress did not affect male performance on the object recognition task, and these results are
different from young males who have impaired performance following chronic stress (Beck and
Luine, 2002), see Fig. 3. Estrogens are known to influence female resistance to deleterious
stress effects on cognitive performance (Bowman et al., 2002) and, thus, a reasonable
hypothesis is that the elevated levels of E2 observed in the aged males are conferring stress
resistance on performance (for a review, see Bowman, 2005). It appears that aged male rats
are responding to restraint stress exposure in a similar fashion to young females who are
thought to be protected from the deleterious effects of stress by their ovarian hormones.
Additionally, recent studies have shown that testosterone improves working memory in aged
rats (Bimonte-Nelson et al., 2003). In the current study, exposure to chronic stress did not
reduce T which may have contributed to ability of both aged control and aged stress males to
perform the object recognition task. Aged males have both testosterone and elevated estradiol
and, thus, these gonadal hormones may be providing a buffering effect of the deleterious effects
of stress in object recognition performance.
Aged control females cannot perform the object recognition task (i.e., discrimination ratios are
chance, 50%), and this observation is different from young females who are able to successfully
discriminate between old and new objects (Beck and Luine, 2002); however, aged female
impairments are mitigated by exposure to stress, that is, stressed aged females can
discriminate between objects. In young females, stress does not affect OR performance (Beck
and Luine, 2002). Thus, it appears that in old, but not young, female rats chronic stress
enhances object recognition performance. The underlying mechanisms for chronic stress effects

on cognitive function in young and old females are unclear but may include changed
sensitivities of the HPA axis and changes in gonadal hormone levels in the aged females (for
comments on the influence of age on sex-dependent changes following stress exposure, see
Bowman, 2005).

Object placement
For the object placement task, a clear sex difference in the performance of young animals has
previously been observed with males typically discriminating between the old and new location
following object placement tests with inter-trial delays up to 4 h, while females can only
discriminate following inter-trial delays of 1–2 h (Beck and Luine, 2002; for a review, see
Bowman et al., 2003). This sex difference is present in other spatial tasks such as the radial arm
maze and Morris water maze (Roof, 1993 and Kitraki et al., 2004). In the current study, all aged
subjects were impaired, regardless of sex or treatment, following an inter-trial delay of 1 h (Fig.
4). Groups spent less than 50% of their time with the object in the new location, below chance
levels of discrimination. Impaired spatial memory performance in our aged subjects is consistent
with numerous other reports that have shown declines in spatial learning and memory in aged
animals [for a review, see Barnes, 1988 and Gallagher and Pelleymounter, 1988].
Perhaps most importantly, the current results show that the normal male advantage seen on
tasks of spatial learning and memory dissipates with age (that is, there was no performance
difference in the control males and females). These results are similar to other findings that
show that aging impairs spatial learning on the Morris water maze and mitigates the standard
sex difference in favor of males on spatial tasks (Veng et al., 2003). The amelioration of the
typical male spatial advantage appears to be due to a more pronounced effect of aging on male,
than female, performance in both rats (Veng et al., 2003) and rhesus monkeys (Lacreuse et al.,
2005). It has recently been shown that dendritic morphology in the CA1 region of the
hippocampus is sexually dimorphic during aging, with male atrophy more severe than female
changes (Markham et al., 2005), and this could account for the similar performance of males
and females in the current study.

Conclusions
Taken together, the current results offer additional support to the notion that sex differences in
spatial memory are less pronounced in aged animals and provide novel data that aged rats are
less sensitive/responsive to chronic restraint stress effects on both spatial and non-spatial
learning and memory performance than what has previously been reported for young rats (for a
review, see Bowman, 2005). Thus, aging is associated with alterations in cognitive responses to
stress that are different from those observed in young animals (that is, females are no longer
enhanced and males are unaffected by stress) and that the standard sex differences in spatial
memory are no longer present in aged animals. However, it should be noted that this nonresponsivity may be due to low levels of performance in the non-stressed, aged animals. It

remains to be determined if the current results hold true for other spatial and non-spatial
memory tasks, and future studies are necessary to elucidate whether the observed behavioral
changes are due to changes in memory per se or rather impairments in learning. Additionally,
there is a clear need for future studies to conduct a direct comparison between young and
various aged animals to determine when cognitive functioning (under both non-stressed and
stressed conditions) is altered and to examine possible underlying mechanisms. In young adult
rats, changes in anxiety-related behaviors and cognitive function (both spatial and non-spatial
memory) are accompanied by sex-dependent alterations in central monoamine and metabolites
levels in brain areas related to these functions (e.g., stress increases frontal cortex dopamine
levels in females compared to males, for a review, see Bowman et al., 2003). Because limited
information is available concerning stress and/or aging effects in females, it remains to be
determined if changes in monoamine levels during aging are influencing the cognitive changes
observed here in the aging stress/non-stress animals.
The chronic restraint stress model in rats is useful because the observed effects may mimic the
abnormalities observed in humans exposed to periods of stress (Wolf, 2003). In addition,
increased CORT secretion is associated with a variety of age-related disorders such as
Alzheimer's disease, depression, diabetes, and hypertension. Because the U.S. population
continues to age dramatically, with females outliving males, there is a clear need to determine
the influence of sex on stress, aging, and cognitive function and possible underling mechanisms
for these complex interactions. Thus, sex/gender must be given greater consideration in these
issues.

EXPERIMENTAL PROCEDURE
Subjects
Aged, 20-month-old male (n = 20) and female (n = 20) Fischer 344 rats were obtained from the
National Aging Institute aged rat colony (maintained by Harlan Sprague–Dawley, Inc). All
animals were maintained on a 14/10-h light/dark cycle (lights on 5:00 am). All experimental
procedures were approved by the Hunter College Institutional Animal Care and Use Committee
and in accordance with the NIH Guide for the Care and Use of Animals. All animals were double
housed in same sex pairs and had free access to rat chow and water.

Following a two-week acclimation period during which animals were allowed adjust to the new
housing conditions, subjects were randomly assigned to either a control (n = 8 males [MCON]
and n = 8 females [FCON]) or stressed (n = 12 males [MSTR] and n = 12 females [FSTR])
condition. Experimental subjects were exposed to chronic restraint stress for 6 h/day for 21
consecutive days as previously applied in this (Beck and Luine, 2002, Bowman et al., 2001,
Bowman et al., 2002 and Luine et al., 1996) and other laboratories (Conrad et al., 1996, Conrad
et al., 2004, Kitraki et al., 2004, McLaughlin et al., 2005 and Nacher et al., 2004). The restraint
stress was applied by placing each rat in a Plexiglas tube (Harvard Apparatus™). The Plexiglas

restraint tubes are equipped with air holes and an adjustable endplate, which helps account for
differences in body weight and length and secures the rat within the tube. Once the rats were
secured in their respective Plexiglas tube, the cohort was placed in a ventilated isolation
chamber located in a separate room from the colony. Control animals received equal amounts
of daily handling, approximately 1–2 min in the morning and afternoon, but remained
undisturbed in their home cages during the stress duration. All animals were weighed weekly.
Four animals (FCON = 1, FSTR = 1, MSTR = 2) died during the course of the study, and their
data were not included in the analyses.

Behavioral measures
On the day following the stress period, all subjects (now 21.5 months old) began behavioral
testing procedures. Open field was conducted first followed by object recognition testing and
then object placement testing. All behavior was identically run for two cohorts of animals, and all
behavioral testing occurred between 9:00 am and 2:00 pm.

Open field and anxiety-related behavioral indexes
Open field
On post-stress day 1, overall locomotor activity was assessed using the open field paradigm.
Rats were placed in a 15 × 15 cm small box with a sliding door opening to the corner of the
open field; the open field was 117 × 70 × 45 cm black, Plexiglas, open top box, with the floor
divided into 9 inch square grids (5 × 3). The sliding door was opened and latency to enter the
field scored (an anxiety-related behavior). Each animal was allowed 3 min to enter the field
voluntarily. If the animal failed to enter the field, they were hand-placed inside the field and a
latency time of 180 s was recorded. Number of outer sector visits (movements across squares
and a measure of general locomotor activity), inner sector visits (an anxiety-related behavior),
total activity (combined outer and inner crossings), wall climbs, rears and grooms were scored
for 6 min. After each animal, the open field was wiped down with disinfectant spray to minimize
olfactory cues.

Novel object exposure
After all animals had completed the open field test, animals individually were tested on latency
to approach a novel object (post-stress day 1). Animals were placed in the center of the open
field, and the time to approach and explore a novel object located at the end of the field was
recorded. Exploration of the novel object (Johnson's Baby Oil or Poland Spring Water Bottle,
both 8 oz. randomized across subjects) was defined as the subject sniffing at, whisking at or
looking at the object from no more than 2 cm away. Each animal was allowed 3 min to approach

and explore the novel object. If the animal failed to approach and explore the novel object, an
exploration latency time of 180 s was recorded.

Object recognition
Recognition memory was assessed using the object recognition (OR) task as previously
described in young rats (Beck and Luine, 2002 and Bowman et al., 2004). Trials consisted of a
sample trial (T1) and a recognition trial (T2). The two trials were separated by an inter-trial
interval of varying lengths. In T1, two identical objects were placed at one end of the open field
and amount of time spent exploring the two objects was recorded for 3 min. For T2, or the
recognition trial, a new distinct object replaced one of the previous objects. In T2, the time spent
exploring the old (familiar object) and the new (novel) object was recorded for 3 min. Thus, the
percentage of time spent with the novel object during the total exploration time during T2 is used
as an index of object recognition. Exploration was defined as when the subject sniffed at,
whisked at or looked at the object from no more than 2 cm away. The objects used for trials
were various bottles, cans and containers, and the novel object was counterbalanced across
both sex and treatment. All animals received pre-testing acclimation session with an inter-trial
delay of 1 min (post-stress day 2) and were then tested for object recognition with a 10 min
(post-stress day 3), 1 h (post-stress day 4) and 2 h inter-trial delay (post-stress day 5). Animals
that did not explore the objects during either T1 or T2 were not included in the data analysis
(group sample sizes are referred to in corresponding figure legend).

Object placement
Spatial memory was assessed using the object placement (OP) task, a spatial memory task
known to be hippocampal-dependent and that has been used previously with young rats (Beck
and Luine, 2002 and Li et al., 2004). This task is identical to the OR procedure, except that
during T2, the recognition trial, one object is moved to a novel location within the field (instead
of replacing one object with a new object). Time spent by each subject exploring objects at the
old versus new location was recorded during T2. All animals received a 10 min acclimation trial
(post-stress day 8) and were then tested on a 1 h inter-trial delay (post-stress day 9). The new
location was counterbalanced across sexes and treatments. Animals that did not explore the
objects during either T1 or T2 were not included in the data analysis (group sample sizes are
referred to in corresponding figure legends).

Hormone assays
Immediately following behavioral testing, 10 days post-stress, all subjects were sacrificed via
rapid decapitation and trunk blood was collected for subsequent radioimmunoassay. Blood was
allowed to separate at room temperature; serum was collected after centrifugation in a clinical
centrifuge and frozen in sealed tubes at − 80 °C until assay.

Total serum CORT levels were measured by radioimmunoassay using the Coat-A-Count® assay
kit, according to kit protocol, available from Diagnostic Products Corporation, Los Angeles, CA
(catalog number TKRC1). Samples were analyzed in duplicates. All samples were analyzed
simultaneously, and the detection limit was 5.7 ng/ml, as defined by the 95% confidence limits
of the zero standard. CORT levels are expressed as ng/ml.
Serum testosterone (T) levels were measured by RIA using commercial kits (Coat-A-Count kits
Cat #TKTT1, Diagnostic Product Corporation, Los Angeles, CA) according to the kit instructions.
Serum sample volumes were 50 μl. To correct for any potential blank effect due to components
of rat serum, the standards for the assay were prepared in rat serum from a pool obtained from
ovariectomized animals. The minimum detectable concentration of hormone was 0.15 ng/ml.
Serum E2 levels were also measured using commercial RIA kits (Coat-A-Count RIA kit KE2D1;
Diagnostic Products Corp, Los Angeles, CA). Using this kit, which is designed for use with
human samples, according to the manufacturer's instructions, estradiol levels are overestimated
as a result of interference from rat serum binding proteins (MacLusky, unpublished
observations). Correction for this interference cannot entirely be achieved by adding an
equivalent volume of serum from ovariectomized rats to the assay standards. However, the
interference can be minimized by organic solvent extraction to partially purify the estradiol prior
to assay. The assay standards and rat serum samples (100 μl/sample) were therefore extracted
prior to assay with 2 ml anhydrous ethyl ether. The ether extracts were rapidly dried under a
stream of air, reconstituted into 100 μl of the human serum zero calibration standard from the
RIA kit and assayed according to kit instructions. The minimum detectable concentration of
estradiol was 3 pg/ml. All samples for both testosterone and estradiol measurement were run on
the same day.

Data analysis
Animal body weights were analyzed using a two-way ANOVA, sex (male, female) × treatment
(control, stress) with stress day as a repeated measure. Two-way ANOVAs, sex (male,
female) × treatment (control, stress), were used to test for statistical group differences on the
open field and anxiety-related behavioral measures. Two-way ANOVAs (sex × stress treatment)
were used to test for group differences on the time spent exploring objects during the sample
trial (T1), the time spent exploring the objects during the recognition trial (T2) and in the
discrimination between old and new objects (for non-spatial memory) or locations (for spatial
memory) during T2 (ratio) for all object recognition and object placement trials. Additional twoway ANOVAs, sex (male, female) × treatment (control, stress), were used to test for statistical
group differences in corticosterone, testosterone and estrogen levels at sacrifice. Type I error
rate was set at 0.05 and significant ANOVA results were followed by Fisher's LSD post hoc
tests.
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